Our aim was to define the distribution of monocyte subsets in a cohort of congestive heart failure (CHF) patients, to verify whether increased severity of CHF is linked to the expansion of specific monocyte subsets, and finally to investigate the relationship between monocyte subset relative frequencies, laboratory parameters of inflammation, and monocyte ACE expression. Thirty consecutive CHF patients and 26 healthy control subjects were evaluated for peripheral blood monocyte expression of CD14, CD16 and CD143 (ACE) by flow-cytometry, and for endothelial-derived soluble CD146 levels by ELISA. CD14 ++ CD16 + frequency was significantly higher in CHF patients than in Controls (%, median value and IQ) (12.3, 8.7-14.8 vs 5.9, 4.7-6.9, p < 0.05, CHF vs Controls), and it increased depending on how high NYHA class was, on worsening LV ejection fraction and on circulating pro-BNP values. Furthermore, it was associated with increasing creatinine and with decreasing GFR and albumin levels. Monocyte CD143 expression was significantly elevated in CHF patients as compared to Controls, and positively associated with CD14 ++ CD16 + levels. Frequencies of CD14 + CD16 + monocytes were significantly lower in CHF patients as compared to Controls, and negatively correlated with levels of soluble CD146 (r = -0.529; p 0.048).
Introduction
Congestive heart failure is a malignant condition with sharp upturn in both prevalence and incidence and with high rates of morbidity and mortality [1] . CHF patients represent disabled patients with chronic cardiovascular disease who use health care resources [2] . Poor prognosis suggests that important pathogenic mechanisms remain active and unmodified by current treatment regimens. Recent data suggest a role for inflammatory and immunological processes in the pathogenesis and progression of CHF [3] . Increased levels of pro-inflammatory cytokines are related to increased rates of mortality in CHF patients. Monocytes play a key role in a variety of pathophysiological process-es in cardiovascular biology. Heterogeneity in phenotype and function has been observed among human monocytes. Different expressions for CD14 (part of the receptor for the lipopolysaccharide) and CD 16 (Fcgamma receptor III) have been used to define two major subsets in the peripheral blood. One includes the majority of monocytes, defined as classical monocytes (CD14 ++ CD16 − ), acting as scavengers toward apoptotic cells and aiding in the resolution of inflammation, whereas a minor subset, known as CD14 + CD16 + , expresses pro-inflammatory cytokines such as TNFalpha, and has the ability to respond directly with antimicrobial activity. Nockher initially reported that the subset of monocytes expressing CD16
+ together with low levels of CD14 + was expanded in dialysis patients [4] . It has recently been shown that CD16 + monocytes are further differentiated by phenotype into CD14
++ CD16 + and CD14 + CD16 + monocytes, and that they also differ with regards to the type of cytokines that are secreted [5] . Vascular cell-bound angiotensin converting enzyme (ACE), detected as CD 143, is present at high levels on monocytes, [6] and increases during monocyte-macrophage-dendritic cell differentiation [7] . Monocytic ACE expression has been linked to increased CD14 ++ CD16 + levels in dialysis patients with cardiovascular disease [8] . The CD14 ++ CD16 + subset of the peripheral blood monocyte population, which is estimated to be a minor monocyte subpopulation in healthy individuals (8%-10%), expands in chronic inflammatory disorders, such as rheumatoid arthritis, [9] inflammatory bowel disease, [10] and severe asthma [11] . This monocyte subset produces large amounts of pro-inflammatory cytokines, such as interleukin(IL)-1, and may act in concert with activated peripheral blood multi-nuclear cells, circulating chemokines, and cytokines, thus provoking cardiac and extracardiac damage. Chronic low grade inflammation has been demonstrated at different stages of heart failure, consistent with the broader profile and systemic nature of the damage in CHF patients [12] . There are currently no available studies describing a pattern of monocyte subsets in CHF patients. The aims of our work were: to determine the distribution of monocyte subsets in CHF patients, to verify whether increased severity of CHF is linked to expansion of specific monocyte subsets, and finally to investigate the relationship between monocyte subset relative frequencies, laboratory parameters of inflammation, and monocyte ACE expression.
Materials and methods

Study population
We selected thirty consecutive male patients from the congestive heart failure outpatient clinic of the S. Martino University Hospital, Genova and 26 healthy male control subjects. All study patients gave informed consent in advance for their participation; the research protocol conformed with the principles outlined in the declaration of Helsinki, and the ethics committee at our institution approved the protocol. Stable patients with CHF class I/II/III (New York Heart Association classification) were taken into consideration for inclusion into our study. Eligibility criteria of CHF patients for this study included: CHF lasting longer than 12 months, diagnosis according to the Framingham criteria, [13] clinical stability and administration of the same medical regimen for at least three weeks prior to study entry. CHF was diagnosed when patients with clinical heart failure had an ejection fraction of 45% by 2-dimensional transthoracic echocardiography. Heart failure severity was assessed according to the NYHA classification. The aetiology for CHF was ischemic heart disease in seventeen (57%) (11 patients with previous MI, 6 patients with coronary artery disease defined by the presence of at least one coronary stenosis [> 70%] detected at coronary angiography) and idiopathic dilated cardiomyopathy in thirteen (43%). The cohort of control subjects were recruited from our outpatient cardiac service, and included healthy subjects with one or more major modifiable cardiovascular risk factors. They were screened for the absence of organic heart disease by history, physical examination, 12-lead electrocardiography and 2-dimensional transthoracic echocardiography. Cardiovascular disease risk factors were assessed by giving standardized interviews to all patients and controls. Since CHF patients represent an aged subgroup of patients in whom renal damage is frequently present, our study included both patients with preserved (stage 1) kidney function and patients with mild-to-moderate (stage 2 and 3) chronic kidney disease (CKD), as defined by estimated glomerular filtration rate (GFR) in ml/min/1.73 m 2 body surface area. Patients with significant concomitant diseases such as infections, osteoarthritis, cancer, autoimmune disease, malnutrition (serum albumin < 2.0 g/dl), inflammatory bowel disease, chronic liver disease or GFR below 45 ml/min/1.73 m 2 body surface area were excluded.
Laboratory methods
Fasting blood samples were collected from all study subjects on the morning of their outpatient clinical appointment, after resting in the supine position for 20 minutes. Serum fibrinogen, blood count, plasma glucose, lipid, liver and renal profile, total protein, albumin, C-reactive protein (CRP), and N-terminal probrain natriuretic peptide (pro-BNP) were obtained using standard techniques. Baseline GFR was estimated using the four-variable Modification of Diet in Renal Disease formula [14] . Leukocyte and monocyte counts were measured using automated cell counters by standard techniques. Blood was withdrawn from an antecubital vein and then centrifuged at 1710 g for 15 minutes at 4
• C. Immediately after centrifugation, serum samples were stored at -80
• C until they were assayed. Plasma levels of the soluble form of the endothelial cell-cell adhesion molecule CD146 (sCD146, BioCytex, France) was measured by ELISA according to the manufacturer's recommendations.
Monocyte subset analysis
Monocyte subpopulations were analyzed by flow cytometry. Mononuclear cells were isolated from the blood by density gradient centrifugation over Ficoll, and were immunostained for 15 minutes at room temperature in the dark with the following monoclonal antibodies: 10 µl of anti-CD143-FITC antibody (clone 9B9, GeneTex, Inc.), 20 µl of anti-CD14 PE antibody (clone RMO52; Beckman Coulter), 20 µl of anti-CD16 PE-Cy5 (clone 3G8; Biolegend). After centrifugation, cells were washed twice with phosphate-buffered saline (PBS) containing 0.1% bovine serum albumin, 1 mM CaCl 2 and MgCl 2 , and then resuspended in 500 µl of PBS containing 2% paraformaldehyde.
Flow cytometry was performed with the use of a Coulter EPICS XL flow cytometer (Beckman Coulter S.p.A., Milan, Italy). Analysis of data was performed on a personal computer using the WinMDI 2.8 system provided by J. Trotter (Scripps Research Institute, La Jolla, CA, USA). Monocytes were gated on the basis of both morphological and SSC/CD14 dotplots: all CD14 positive cells were included, while cells with granulocyte scatter properties were excluded. Monocyte subsets CD14 ++ CD16 − , CD14 ++ CD16 + , and CD14 + CD16 + were defined according to the surface expression pattern of the lipopolysaccharide receptor CD14 and the Fc-gamma receptor CD16 (see Fig. 1 for a representative example of the analysis procedure).
Statistical analysis
Data are expressed as mean ± SE. Categorical variables are presented as percentage of study subjects and compared by Fisher's exact test. All variables with a skewed distribution (i.e. CD14CD16 monocyte subsets, fibrinogen, triglycerides) were log transformed to normalize the distribution before statistical analysis. Logarithmically transformed data are presented as median (including the first and third quartiles). Twosided t tests were used in the comparison of normally distributed continuous variables, while non parametric tests (Kruskal Wallis test, Mann Whitney test) were used for non-Gaussian data. Spearman's rank correlation test was used for correlations between variables. A value of p < 0.05 was considered statistically significant. Data were analyzed in the study subjects as a whole, and then separately in CHF patients and in Control subjects. Since we were mainly and initially interested in evaluating differences between levels of the CD14 ++ CD16 + monocyte subset in HF patients and in Controls, and because our data and assessments were exploratory, no adjustments were made for multiple statistical comparisons. We used the data (levels of CD14 ++ CD16 + monocyte subset: mean and standard deviation) that we obtained from our 26 Control subjects to calculate power of the study. We set the alpha level (Type I error) to 0.02 (two-tailed), and we set the beta level (Type II error) to 0.20. Expecting we would detect a 25% change in mean values of CHF subjects, we came up with a sample of at least 26 CHF patients (four more patients were included in the group of HF patients, thus bringing this group to a total of 30 subjects).
Results
Baseline characteristics in the two study groups are shown in Tables 1 and 2 . No significant differences with regards to personal history of hypertension, dyslipidemia and smoking habit were present between the two study groups. CHF patients showed higher levels of CRP, fibrinogen, and total number of WBC than the Controls. As expected, CHF patients had a higher prevalence of prescription use of digoxin, loop diuretics and beta-blocking agents [15] . At the time of the visit, 40% of CHF patients exhibited atrial fibrillation and 43% were in NYHA class III. ++ CD16 + subset levels in CHF patients were 12.3 (first and third quartile,8.7 and 14.8), while they were 5.9 (4.7-6.9) in Controls ( Table 2) . Monocyte count did not differ between smokers and non-smokers, diabetic and non-diabetic patients, or between those with or without a personal history of high blood pressure or with hypercholesterolemia. Similarly, no differences for CD14 ++ CD16 + subset concentrations were found when CHF patients were stratified according to whether they had ischemic (11.5, 8.4 and 14.8) or non-ischemic (12.5, 10.2 and 13.7) CHF.
CD14
++ CD16 + subset concentration and neurohormonal and functional measurements of heart failure severity
Monocyte CD14
++ CD16 + subset levels in CHF patients increased depending on how advanced the NY-HA functional class was, (Fig. 3A) on worsening left ventricle ejection fraction (Fig. 3B) , and on circulating pro-BNP values (r = 0.534, p: 0.047; Spearman's rank correlation test), thus reflecting the relationship between this monocyte subset and HF severity.
CD14 ++ CD16 + subset concentration and renal damage
Monocyte CD14
++ CD16 + subset levels were associated with increasing values of creatinine and with decreasing GFR and albumin levels. (Table 3 ) No relationships were observed between increasing age, reduced Hb levels or reduced BMI (range of BMI values: 20.2-29.1) and higher CD14 ++ CD16 + subset levels when CD14 ++ CD16 + levels were examined as a continuous variable, indicating that no significant association exists between age, Hb levels, BMI and CD14 ++ CD16 + levels. Furthermore, no relationships were found between the decrement in GFR and the following other acute-phase markers of inflammation: CRP, fibrinogen, WBC and neutrophil count.
Correlation between the CD14
++ CD16 + subset and other markers
CD14
++ CD16 + subset levels were positively correlated with CRP, which reflects increased systemic inflammation; likewise, CD14 ++ CD16 + subset levels were also positively correlated with neutrophil count. ACE/ARB inhibitors, lipid lowering drugs and betablockers are known to possess anti-inflammatory effects. Nonetheless, we observed no differences in the 
++ CD16 + subset levels in CHF patients, regardless of whether they were taking these drugs or not.
Monocyte CD143 (ACE) surface expression
Monocyte CD143 expression was significantly elevated in CHF patients as compared to Control subjects ( Fig. 4A ; p < 0.05, Mann Whitney) . Among the various monocyte subsets, CD14
++ CD16 + monocytes showed the highest CD143 expression (Fig. 4B) . Monocyte CD14 ++ CD16 + levels and ACE expression had a significant, positive relationship within the group of CHF patients and within the whole cohort (r = 0.553, p: 0.042, and r = 0.469, p:0.006; Spearman's rank correlation test); the Control group failed to show this correlation, suggesting that the result in the whole cohort reflected the contribution of CHF patients. NY-HA class and HF aetiology were not associated with different values of monocyte CD143 expression (data not shown). Use of ACE inhibitors, β-blockers, aspirin analysed in the whole cohort (and then separately in CHF patients and in Control subjects), and use of digoxin, loop diuretics, spironolactone and angiotensin receptor blocker analysed in CHF patients did not affect monocyte ACE expression.
CD14
+ CD16 + subset concentration and endothelial damage
Frequencies of CD14
+ CD16 + monocytes were significantly lower in CHF patients as compared to Controls (p < 0.05) ( Table 2 ). CD14 + CD16 + subset levels in CHF patients showed a median value of 4.6 (first and third quartile, 3.4 and 7.7), as compared to a median value of 7.6 (first and third quartile, 6.6 and 9.1) in Controls. sCD146 levels, which reflect endothelial damage, were significantly increased in CHF patients compared to control subjects (mean values and SE: 672 ± 91 vs. 453 ± 47 ng/ml; p < 0.05) (Table 2). Patients with CHF due to ischemic heart disease and to idiopathic dilated cardiomyopathy did not differ as far as sCD146 levels were concerned (565.9 ± 135 ng/ml vs 687.2 ± 108 ng/ml, respectively; p < NS); similarly, sCD146 levels were not related to NY-HA class or to EF in CHF patients. Moreover, plasma sCD146 concentrations showed a negative correlation A B with CD14 + CD16 + monocyte subset frequencies (r = -0.529; p 0.048; Spearman's rank correlation test).
Discussion
Monocytes have been implicated in mechanisms of progression of atherosclerotic damage in experimental models and in human pathologies [16, 17] . In this study, we report that the monocyte CD14 ++ CD16 + subset is differently expanded in our CHF population as compared to Control subjects; CD14 ++ CD16 + levels increased depending on CHF disease severity and were associated with renal damage, as well as with monocyte ACE expression, neutrophil count and with circulating levels of CRP in our CHF patients. Lastly, we showed that the CD14 + CD16 + levels were decreased in CHF patients and were linked to endothelial damage.
CD14 ++ CD16 + monocyte frequencies in CHF patients
Peripheral monocyte heterogeneity is widely acknowledged [18] . While most of the monocytes in healthy individuals are CD16 − , a minor subset of monocytes is made up of CD16 + monocytes. CD16
+ monocytes show characteristics of tissue macrophages, and may further be divided into CD14 + (dim or low) and CD14
++ (high), depending on the differential expression of CD14. The CD14 ++ CD16 + subset was initially tagged as a pro-inflammatory subset, [19, 20] but recently Skrzeczynska-Moncznik demonstrated that the pro-inflammatory signature associated with the CD14 ++ CD16 + subset was not always in favor of increased cytokine production, but rather that it displayed mixed findings [5] . The number of circulating CD14
++ CD16 + increases in several inflammatory conditions [21] . An initial report on patients with ischemic heart disease was consistent with more elevated monocyte CD14
++ CD16 + subset levels in these patients when compared to age matched, healthy subjects [22] . Foldes recently demonstrated differences in the unstimulated monocytic expression of CD14 and in the pro-inflammatory receptor toll-like receptor 4 (TLR-4), in that both were more highly expressed in failing hearts than in normal hearts [23] . Multiple pathophysiological mechanisms and factors have been implicated in initiating and mediating the progressive deterioration of contractile function during heart failure [24] . Thus, clarifying whether CD14 ++ CD16
+ monocytes play a role in the progression of heart failure would appear to be of great importance since the link between inflammation and heart failure is gaining acceptance [3] . Small changes in the surface expression of CD14 ++ CD16 + may in fact impact on the intracellular inflammatory signaling pathways and on immune surveillance in CHF patients. Our results are consistent with an increase in the monocyte CD14 ++ CD16 + subset in CHF patients. Moreover, monocyte CD14
++ CD16 + subset appears to be incrementally recruited at different stages of HF severity.
Monocyte CD14
++ CD16 + may provoke damage by infiltrating the failing myocardium and by contributing to the systemic inflammatory processes.
CD14
++ CD16 + Relationship with monocyte ACE expression, renal damage, CRP levels, neutrophil count Indexes of renal function were correlated to monocyte CD14
++ CD16 + levels. Accordingly, some parameters which reflect decreased renal function (renal clearance, hypoalbuminemia) or are associated (ACE expression) with it predicted increased CD14 ++
CD16
+ levels. The present study extends the finding of increased monocytic ACE expression in dialysis patients with prevalent cardiovascular disease [8] . The finding that the CD14 ++ CD16 + subset, which is expanded in CHF patients, also expresses a monocyte Angiotensin II generating system, provides evidence that in addition to hemodynamic and tissue effects, activation of the renin-angiotensin system in HF patients promotes a systemic inflammatory response. It is noteworthy that, as already shown by Ulrich et al. the use of ACE-inhibitors, AT-1 inhibitors, and of spironolactone in our patients did not affect monocytic ACE expression [8] . Reduced renal clearance, hypoalbuminemia , and increased ACE expression all fit with the chronic inflammatory activation pattern previously reported in patients with severe renal dysfunction. Our study groups included a sizeable number of CHF patients whose GFR led to classification as stage 2 or 3 CKD. We decided to include these patients because the prevalence of stage 2 or 3 CKD in the general CHF population is fairly high. Thus, a potential explanation for our findings can be derived from the link between increased monocyte CD14 ++ CD16 + levels and mild-to-moderate renal dysfunction in CHF patients. Finally, circulating levels of CRP and neutrophil count were also linked to monocyte CD14 ++ CD16 + levels, but not to GFR. High levels of CRP and of neutrophils have already been described in CHF patients, and we may assume that monocyte CD14 ++ CD16 + expand in response to this inflammatory milieu. Levels of Myeloperoxidase (MPO), which is a product of activated neutrophils, are in excess in CHF patients. Tang reported that MPO levels were linked to functional and neurohormonal indexes of worsening heart failure, similarly to what we observed for monocyte CD14 ++ CD16 + levels [25] . Therefore, it is not surprising that activated neutrophils and pro-inflammatory monocyte subsets may reciprocally act as enhancers of the pro-inflammatory cycle in this disease setting.
CD14
+ CD16 + monocyte frequencies in CHF patients
+ CD16 + subset frequencies were decreased in CHF patients. This observation is in line with the finding by Ancuta et al. who showed that CD16 + and CD16
− monocytes have distinct patterns of chemotactic migration: CD16 + monocytes preferentially adhere to stimulated endothelial cells and undergo efficient transendothelial migration in response to the fractalkine pathway [26] . Ancuta found that CD16 + monocytes expressed high CX3CR1 levels, and in particular that the CD14 + CD16 + monocyte subset expressed the highest CX3CR1 levels. The increase in soluble CD146 levels, which represent a marker of endothelial junctional alterations [27] in our CHF patients, together with the negative correlation between sCD146 levels and CD14 + CD16 + monocyte subset frequency, suggests a link between low CD14 + CD16
+ monocyte frequencies and endothelial damage in this group of patients. Endothelial dysfunction and damage have been described in CHF. Therefore, we believe that the decrease in CD14 + CD16 + monocytes in our CHF patients may reflect their preferential recruitment at the level of damaged endothelium.
Reduced CD14 + CD16 + levels in CHF patients suggest that CD14 + CD16 + monocytes may represent a new target for the modulation of the endothelial damage that is present in this group of patients.
Our observational study cannot be used to make causal inferences, and doubts remain about the biological significance of increased CD14 ++ CD16 + levels in this setting of patients. If CD14 ++ CD16 + monocytes are truly drivers of inflammation, then agents that inhibit the expansion or the action of this monocyte subset may prevent or reverse myocardial dysfunction and cardiac remodeling, or limit extracardiac damage in CHF patients. On the contrary, if CD14 ++ CD16
+ levels simply represent indicators of the extent of inflammation, it would be important to ascertain whether they can be used as outcome predictors.
As suggested by Sundstrom in relation to the clinical application of new circulating biomarkers, the road leading new circulating biomarkers (such as monocyte CD14CD16 subset levels) from bench to bedside is still long because their immediate clinical usefulness may be limited [28] . Nonetheless, although it remains unclear whether differences in monocyte CD14CD16 expansion are causal or whether their measurements can be relevant only for risk prediction in CHF, we believe that they represent a new and important tool that can be used to explore the role of selective inflammatory pathways in the progression of CHF.
Study limitations
Modulation of monocyte activity requires a careful approach because monocyte phenotypes possess distinct mechanisms for tissue-specific recruitment [27] . Interpretation of the present results is limited by the small number of patients we studied. However, the correlations we found may serve as a reliable marker in the evaluation of CHF severity.
Conclusions
Clinical implications. For the first time we have shown that monocyte CD14 ++ CD16 + levels were raised and had an enhanced ACE expression in CHF patients. Furthermore, monocyte CD14 ++ CD16 + levels were linked to poor cardiac functional class, reduced renal function, and high CRP levels. In addition, the monocyte CD14 + CD16 + subset was depleted in CHF, and was linked to endothelial damage in this group of patients. How to use this information at the moment remains to be clarified, but it is reasonable to hypothesize that selective modulation of monocyte CD14CD16 expansion is likely to be relevant for the progression of CHF.
